ClpB and Hsp104, members of the AAA؉ superfamily of proteins, protect cells from the devastating effects of protein inactivation and aggregation that arise after extreme heat stress. They exist as a hexameric ring and contain two nucleotide-binding sites per monomer. ClpB and Hsp104 are able to dissolve protein aggregates in conjunction with the DnaK/Hsp70 chaperone system, although the roles of the individual chaperones in disaggregation are not well understood. In the absence of the DnaK/Hsp70 system, ClpB and Hsp104 alone are able to perform protein remodeling when their ATPase activity is asymmetrically slowed either by providing a mixture of ATP and ATP␥S, a nonphysiological and slowly hydrolyzed ATP analog, or by inactivating one of the two nucleotide-binding domains by mutation. To gain insight into the roles of ClpB and the DnaK system in protein remodeling, we tested whether there was a further stimulation by the DnaK chaperone system under conditions that elicited remodeling activity by ClpB alone. Our results demonstrate that ClpB and the DnaK system act synergistically to remodel proteins and dissolve aggregates. The results further show that ATP is required and that both nucleotidebinding sites of ClpB must be able to hydrolyze ATP to permit functional collaboration between ClpB and the DnaK system.
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ClpA ͉ ClpX ͉ disaggregation ͉ Hsp104 ͉ Hsp70 S evere cellular stress results in extensive protein denaturation and aggregation. To combat these effects and ensure survival, cells possess an array of molecular chaperones and proteases. Clp/Hsp100 proteins are one of the major classes of chaperones belonging to the AAAϩ superfamily (ATPases associated with various cellular activities) (1, 2) . Two members of this family, Escherichia coli ClpB and its eukaryotic homolog yeast Hsp104, are essential for cell survival during extreme heat stress (3, 4) where they function to disaggregate and reactivate aggregated proteins (5, 6) . In vitro ClpB and Hsp104 are able to solubilize and reactivate protein aggregates in ATP-dependent reactions in collaboration with the DnaK/Hsp70 chaperone system, comprising DnaK, DnaJ, and GrpE in prokaryotes and Hsp70, Hsp40, and GrpE-like proteins in eukaryotes (7) (8) (9) (10) . However, the roles of the two chaperone systems in disaggregation are not well understood.
ClpB and Hsp104 are hexameric proteins consisting of identical protomers, with each protomer containing an N-domain and two AAAϩ domains [nucleotide-binding domain 1 and 2 (NBD-1 and NBD-2)] (Fig. 1A and ref. 11 ). The protomers are arranged in a ring with an axial pore (channel) similar to that observed for other Hsp100 proteins, including ClpA, ClpX, and HslU (11) (12) (13) (14) (15) . ATP binding, which occurs at the interface of adjacent subunits, stabilizes the hexamer (11, 16) . ATP binding is also required for substrate interaction with conserved residues in the pore of hexameric ClpB (17, 18) . ClpB and Hsp104 possess a long coiled-coil middle domain inserted in the linear amino acid sequence of NBD-1. From single molecule reconstructions of electron microscopic images the domain seems to reside on the outer surface of the oligomeric ring (11, 19) . This domain differentiates ClpB and Hsp104 from other Clp proteins that also contain two ATP binding domains, such as ClpA (Fig. 1B) . Experiments have implicated the middle domain in coordinating the communication between NBD-1 and NBD-2 (20) as well as the interaction of ClpB with the DnaK system (11, 21) .
ClpB and Hsp104 have recently been shown to possess protein remodeling activities in vitro in the absence of the DnaK/Hsp70 system, including protein activation, protein unfolding and reactivation of heat-inactivated proteins (22) . These activities are elicited under conditions that asymmetrically slow ATP hydrolysis at some but not all of the 12 ATP binding sites of the hexameric holoenzyme (22) . One condition that induces the protein remodeling activities of ClpB and Hsp104 is the use of mixtures of ATP and ATP␥S, a slowly hydrolyzable ATP analog, as the nucleotide source (22) . This condition very likely allows polypeptides to be held, a process that requires ATP binding but not hydrolysis, and unfolded, a reaction that requires energy derived from ATP hydrolysis. The protein remodeling activities of ClpB and Hsp104 are also expressed when one of the two nucleotide-binding domains is defective as the result of mutation (22) .
The surprising discovery that the protein remodeling activity of ClpB can be elicited in the absence of the DnaK chaperone system enabled us to compare remodeling and disaggregation by the combined action of the two chaperones to that of each chaperone separately. We found that the rate of disaggregation by ClpB and the DnaK system working together was greater than the sum of the rates of each chaperone alone, showing that the two remodeling machines act synergistically. In addition, ATP is required and both NBD-1 and NBD-2 of ClpB must be active to observe collaboration of ClpB and the DnaK system. sum of the rates of ClpB alone (with ATP and ATP␥S or with ATP) and the DnaK system alone (with ATP and ATP␥S or with ATP) (Fig. 2 C and D) . Thus, with a substrate that ClpB and the DnaK chaperone system each have the capability to disaggregate, the two chaperones work together synergistically. Furthermore, the rate of reactivation by the combination of the two chaperone systems in the presence of ATP and ATP␥S was only slightly higher than the additive value ( Fig. 2 C and D) , showing that the synergistic action of ClpB and the DnaK system relies on ATP.
We next challenged ClpB to disaggregate insoluble aggregates alone and in combination with the DnaK system. For these experiments we used a fusion protein, consisting of the E. coli P1 plasmid initiator protein fused to the N terminus of GFP (RepA-GFP). Insoluble aggregates were formed by heat-treatment, collected by low speed centrifugation and incubated with chaperones and nucleotides. In contrast to the results above with soluble GFP aggregates, ClpB alone was unable to dissolve insoluble RepA-GFP aggregates with a mixture of ATP and ATP␥S (Fig. 3A) . No disaggregation was detected when higher concentrations of ClpB or longer incubations were used (data not shown). Similarly, DnaK, DnaJ and GrpE were unable to resolubilize the aggregated RepA-GFP appreciably (Fig. 3A) , even given higher concentrations of the DnaK system or longer incubations (data not shown). However, ClpB in conjunction with the DnaK system dissolved the aggregates in a reaction that required ATP and was inhibited Ϸ90% by ATP␥S (at a 1:1 ratio to ATP) (Fig. 3A) . In addition, once unfolded, RepA-GFP spontaneously refolds without the help of molecular chaperones (24) , implying that ClpB and the DnaK system act together during disaggregation and are not essential for subsequent refolding. This result is in agreement with the observation that an engineered ClpB variant, BAP, requires the DnaK system for degradation of protein aggregates by ClpP (18) . However, some substrates may require these or other chaperones for the refolding step.
We also tested insoluble heat-aggregated malate dehydrogenase (MDH) as a substrate and obtained results parallel to those with RepA-GFP aggregates. There was no detectable solubilization by ClpB (with mixtures of ATP and ATP␥S or with ATP alone) or by the DnaK system alone (Fig. 3B) . However, together ClpB and the DnaK system solubilized MDH, as previously observed (9, 25) (Fig.  3B) . Solubilization depended on ATP and was inhibited Ϸ90% by the addition of ATP␥S (at a 1:1 ratio with ATP) (Fig. 3B) . These results and those with insoluble RepA-GFP aggregates show that ClpB requires the participation of the DnaK system in the solubilization of some types of aggregates even with conditions that evoke some protein remodeling activities by ClpB alone.
Remodeling of Native Proteins by ClpB and the DnaK System. To determine whether ClpB and the DnaK system act synergistically in the remodeling of a native protein, we tested their ability to remodel RepA dimers. Molecular chaperones, including ClpA, the DnaK system, and ClpB (with mixtures of ATP and ATP␥S), are known to convert inactive dimers of RepA into active monomers that bind with high affinity to the P1 origin of DNA replication (22, 26, 27) . In addition, chemically denatured RepA refolds into its active form in the absence of chaperones (28), enabling us to monitor the chaperone-dependent remodeling process independent of the refolding process. To test for synergistic effects of ClpB and the DnaK system, we used a low concentration of each chaperone, such that there was very little RepA activation by DnaK, DnaJ and GrpE with ATP or by ClpB with ATP and ATP␥S and no activity by ClpB with ATP ( Fig. 4A) . Interestingly, the mixture of ClpB and the DnaK system resulted in Ϸ4-fold increase in activation over the sum of the activities of each chaperone separately (Fig. 4A) . When functioning together, maximal activation required a 5-fold lower concentration of ClpB (Ϸ200 nM) than needed for maximal activation by ClpB alone with ATP and ATP␥S (Fig. 4B) . Similarly, Ϸ3-fold lower concentration of DnaK (Ϸ70 nM DnaK) was sufficient for maximal activation by the two chaperones together compared with that required by the DnaK system alone (Fig. 4C ). There was a positive cooperative dependence on the concentration of DnaK both in the presence and absence of ClpB, as previously seen with other aggregates (29) , suggesting that multiple DnaK molecules function together. These data demonstrate that ClpB and the DnaK system act synergistically in protein remodeling reactions that do not involve disaggregation of large aggregates.
The Cooperative Action of ClpB and the DnaK System Requires Both
Nucleotide-Binding Domains to Be Functional. We wanted to know whether both nucleotide-binding domains must be able to hydrolyze ATP for ClpB to function synergistically with the DnaK system. We examined single amino acid substitution mutants in the Walker B motif of NBD-1 (ClpB E279A ) or NBD-2 (ClpB E678A ) ( Fig. 1 A) . Both mutants are defective in thermotolerance (30) and are unable to hydrolyze ATP at the mutated NBD, although they are able to bind ATP at the defective site (31) . Like wild-type ClpB, both are able to carry out some protein remodeling and reactivation reactions, but unlike wild type, they are active in the presence of ATP and are inhibited by the addition of ATP␥S (22) . We tested whether the Walker B mutants could reactivate aggregated GFP in collaboration with the DnaK system. Separately, both ClpB E279A and ClpB E678A promoted reactivation of aggregated GFP in the presence of ATP as did the DnaK system (Fig. 5A) . When the DnaK The model was generated by using Swiss-Model (47) and based on the crystal structure of T. thermophilus ClpB (11). (B) ClpA subunit of E. coli (14) . Note the position of ATP (red) and the lack of a coiled-coil middle domain. (C) ClpX subunit of H. pylori (13) . Note the position of ATP (red) and that the single NBD is aligned with NBD-2 of ClpA and ClpB.
system was combined with ClpB E279A , the rate of disaggregation was only slightly higher than the sum of the rates of the chaperones individually (1.4-fold greater than additive), whereas with ClpB E678A the rate was similar to the sum of the rates of each alone (1.1-fold greater than additive) ( Fig. 5 A and B) . These results show that both nucleotide-binding domains must be active for ClpB and DnaK to act in a synergistic manner. When we measured reactivation of insoluble aggregated RepA-GFP (Fig. 5C ) or disaggregation of aggregated MDH (data not shown), we observed that neither ClpB E279A nor ClpB E678A was able to solubilize the aggregates with ATP. Furthermore, neither mutant was able to promote significant disaggregation in combination with DnaK, DnaJ and GrpE in the presence of ATP (Fig. 5C and data not shown), substantiating previous results (30, 32 ) that both NBD-1 and NBD-2 must be functional for ClpB to collaborate with the DnaK system in disaggregating insoluble aggregates.
ATP Hydrolysis by ClpB and the DnaK System. Is the synergistic activity of ClpB and the DnaK system in remodeling and disaggregation reflected in a synergistic effect on the rate of ATP hydrolysis? When we measured steady-state ATP hydrolysis by ClpB in combination with DnaK, DnaJ and GrpE, we observed that the rate of ATP hydrolysis was about equal to the sum of hydrolysis by ClpB and the DnaK system separately (Fig. 6A) . However, in the presence of aggregated substrate, either RepA-GFP or MDH, the rate of ATP hydrolysis by ClpB and the DnaK system was Ϸ2-fold higher than the sum of the rates of each chaperone alone with aggregated substrate (Fig. 6A) . ATP hydrolysis by either chaperone alone was stimulated very little by the presence of aggregated substrate (Fig.  6A) . In addition to aggregated substrate, ClpB, DnaK and DnaJ were required to observe the increased rate of ATP hydrolysis, whereas there was little effect of GrpE (Fig. 6A) . These results indicate that ATP hydrolysis by ClpB and the DnaK system is modulated by the presence of the other chaperone and the substrate.
We next measured ATP hydrolysis by the DnaK system in combination with the ClpB Walker B mutants in NBD-1 or NBD-2 that had lost the ability to collaborate with the DnaK system in protein disaggregation. We observed that the rate of ATP hydro- lysis by ClpB E279A was Ϸ2-fold higher than that of wild-type ClpB, but the rate was not further increased by the presence of the DnaK system, aggregated MDH, or both (Fig. 6B) . With ClpB E678A the basal rate of ATP hydrolysis was Ϸ10% higher than wild type and, like the NBD-1 mutant, the presence of the DnaK system, aggregated MDH or the combination did not stimulate this rate (Fig. 6B) . Thus both NBD-1 and NBD-2 must be active to observe the 2-fold increased rate of ATP hydrolysis by ClpB and the DnaK system in the presence of aggregated substrate. ATP hydrolysis by ClpB and the DnaK system was also measured when the nucleotide source was a combination of ATP and ATP␥S. Although the rate of ATP hydrolysis by wild-type ClpB was stimulated Ϸ3-fold by mixtures of ATP and ATP␥S (Fig. 6C and  ref. 22 ), hydrolysis by ClpB was not further stimulated by the presence of DnaK, DnaJ, and GrpE in the absence or presence of aggregated substrate (Fig. 6C ). Together these results suggest that the synergism seen in protein remodeling by ClpB and the DnaK system is reflected in an increase in the rate of ATP hydrolysis by the two chaperone systems. This increase is observed in the presence of aggregated substrate and depends upon both ClpB nucleotide-binding domains being functional.
The DnaK System Acts Specifically with ClpB. To determine whether DnaK, DnaJ and GrpE are specific for ClpB among other Clp proteins, we substituted ClpB with ClpA or ClpX and measured the effect on protein disaggregation in the presence or absence of the DnaK system. ClpA differs from ClpB in its lack of a coiled-coil middle domain (14) , whereas ClpX differs from both ClpA and ClpB in possessing only one NBD with a structure that most closely resembles NBD-2 of ClpA and ClpB (13) (Fig. 1) . We found that the combination of ClpA and the DnaK system did not result in an increased rate of reactivation of heat-aggregated GFP over that seen by ClpA alone (Fig. 7) . In fact, the rate of disaggregation by ClpA and the DnaK system was less than the sum of reactivation by the two chaperones separately (Fig. 7) , as previously seen for the combination of the DnaK system and ClpAPS (33) . ClpX alone was unable to reactivate aggregated GFP and had no effect on the rate of reactivation by the DnaK system (Fig. 7) . Neither ClpA nor ClpX alone or in conjunction with the DnaK system were able to disaggregate insoluble RepA-GFP or MDH (data not shown). Thus ClpB is unique among the three Clp proteins tested in being able to function synergistically with the DnaK system.
Discussion
In this study, we have shown that the combined action of ClpB and the DnaK system is greater than the sum of each alone, demonstrating that the two remodeling machines act synergistically to remodel substrates that each chaperone can act on independently.
The functional collaboration of ClpB and the DnaK system depends on ATP hydrolysis at both nucleotide-binding domains of ClpB and is inhibited by ATP␥S, although ClpB alone is elicited to perform some remodeling activities when a subset of sites are unable to hydrolyze ATP or hydrolyze ATP very slowly. These results imply that the DnaK system has a larger role in protein disaggregation than merely evoking the innate remodeling activity of ClpB by asymmetrically slowing ATP hydrolysis by ClpB. However, it is likely that one role of the DnaK system is to coordinate ATP hydrolysis by ClpB, based on the observation that ATP hydrolysis is stimulated by the combined presence of ClpB, the DnaK system and aggregated substrate. The results further suggest that the in vivo function of ClpB very likely depends on the collaboration between ClpB and the DnaK system, because ClpB mutants that are known to lack thermotolerance (30) and are defective in ATP hydrolysis at NBD-1 or NBD-2 (31) are unable to act synergistically with the DnaK system in vitro.
The results imply that the nature of the substrate, whether it is native, aggregated or some intermediate form, is a factor in determining the mechanism by which ClpB performs remodeling. With some native proteins and small soluble aggregates ClpB alone can catalyze protein unfolding and activation and does so only when the ATPase activity is asymmetrically restrained either through mutation or by using a mixture of ATP and ATP␥S (22) . In contrast, disaggregation of large insoluble aggregates requires the full activity of both nucleotide-binding sites of ClpB, utilizes ATP, is inhibited by ATP␥S, and necessitates collaboration with the DnaK chaperone system. Moreover, the same protein can be handled by either mechanism depending on the form of the protein.
For example, soluble aggregates of heat-treated GFP are reactivated by ClpB alone when ATP hydrolysis is asymmetrically slowed (Fig. 2 A and ref. 22) , whereas insoluble heat-denatured GFP aggregates require the complete ATPase activity of ClpB and collaboration with the DnaK system to be reactivated (23) . Similarly, ClpB remodels RepA (22) and unfolds RepA-GFP (data not shown) in the presence of ATP and ATP␥S, but cannot solubilize aggregated RepA-GFP without the DnaK system and ATP as the sole nucleotide source (Fig. 3) . Hsp104, the ClpB homolog in yeast, is also able to remodel some substrates alone when the ATPase is asymmetrically slowed (22) , whereas with other substrates the yeast Hsp70 system is required (5, 7) . In addition, there are several specific Hsp104 substrates, such as the amyloid fibers of yeast prion proteins, that are remodeled in reactions that require ATP and fully functional nucleotide-binding domains but are independent of the Hsp70 system (22, 34, 35) , suggesting that some substrates may impose the appropriate control on Hsp104/ClpB independent of the Hsp70/DnaK system. Thus ClpB/Hsp104 alone and with the DnaK/Hsp70 system can remodel substrate proteins in a wide variety of native and nonnative conformational states. It is likely that this versatility in substrate processing is responsible for the remarkable ability of ClpB/Hsp104 to rescue cells suffering extensive protein inactivation and aggregation after severe heat stress. There is mounting evidence for interactions between ClpB and the DnaK system. We have seen that the DnaK system acts exclusively with ClpB and is unable to work synergistically with ClpA or ClpX. The specificity of the DnaK system for ClpB complements the results showing that ClpB and Hsp104 are only able to function with DnaK/Hsp70 from the same organism (7, 36) . The observation that the rate of ATP hydrolysis by the combination of ClpB and the DnaK system in the presence of substrate is greater than the sum of the separate rates provides additional support for transient interactions between the two chaperone systems and substrate. Although interactions between E. coli ClpB, DnaK and aggregated substrate have not been detected, interactions between ClpB and DnaK have been reported for the homologous chaperones from Thermus thermophilus, as have interactions of substrates with ClpB and substrates with DnaK (17, (36) (37) (38) (39) .
The mechanism of action of ClpB and the DnaK system in dissolving aggregates that is most consistent with our data is shown in Fig. 8 . By interacting with ClpB and the substrate, the DnaK system may increase the affinity between ClpB and the substrate and ensure that substrates are not prematurely released during disentanglement and unfolding by ClpB. Also through its interactions with ClpB and the substrate, the DnaK system may be involved in coordinating ATP hydrolysis by ClpB to harness energy for disaggregation. In this model, ClpB is the primary protein disaggregating machine, forcibly extracting and unfolding polypeptides from the aggregate, most likely via translocation through its axial channel as has been shown for ClpA and ClpX (40) (41) (42) (Fig. 8) . The unfolded polypeptides are released and either refold spontaneously or are captured and refolded with help from other chaperones. It has been previously proposed that ClpB uses its unique coiled-coil middle domain as a crowbar to pry apart large aggregates and generate smaller aggregates which are then acted on by the DnaK system (11). However, this mode of action is not necessary for the conversion of RepA dimers to monomers by ClpB and the DnaK system, because each can perform this reaction independently (22, 27) . The potential crowbar function is also unnecessary to disaggregate aggregated GFP, another reaction that both chaperones can separately carry out. The possibility that the middle domain may mediate communication between NBD-1 and NBD-2 (20) or between ClpB and DnaK seems more plausible (21) . Regardless of the precise mechanism, our results show that the two systems work synergistically in protein disaggregation, with the DnaK system very likely acting concomitantly with ClpB.
Methods
Proteins and DNA. P1 RepA (27) , ClpA (26) , ClpX (43) , GFP (44), RepA-GFP (44), ClpB and ClpB mutants (32), DnaK (45), DnaJ (45) , GrpE (45), and [ 3 H]oriP1 DNA (27) (4,475 cpm/fmol) were prepared as described. MDH (Roche, Indianapolis, IN) was labeled with 3 H as described (41) . Protein concentrations given are for monomeric GFP, MDH and DnaK, dimeric RepA-GFP, RepA, DnaJ and GrpE, and hexameric ClpA, ClpX, and ClpB.
MgCl 2 , 50 g/ml BSA, 0.005% Triton X-100 (vol/vol), 4 nM RepA, 0.18 M ClpB, and 70 nM DnaK/15 nM DnaJ/7.5 nM GrpE, as indicated. After 10 min at 23°C, 12 mM EDTA was added, and the reactions were chilled to 0°C. Calf thymus DNA (1 g) and 13 fmol of [ 3 H]oriP1 plasmid DNA were added. After 5 min at 0°C, the mixtures were filtered through nitrocellulose filters and retained radioactivity was measured.
ATPase. Reaction mixtures (50 l) contained buffer A, 0.005% Triton X-100 (vol/vol), 4 mM ATP or 2 mM ATP and 2 mM ATP␥S as indicated, 0.1 Ci (1 Ci ϭ 37 GBq) of [␥- 33 P]ATP (Ͼ3,000
Ci/mM; GE Healthcare), 20 mM MgCl 2 , 0.38 M ClpB or ClpB mutants, 1.3 M DnaK, 0.23 M DnaJ, 0.06 M GrpE, and either 15 l of aggregated MDH (heated as described above for disaggregation assays) or 10 l of aggregated RepA-GFP (heated as above for disaggregation assays) as indicated. Reaction mixtures were incubated for 60 min at 25°C and analyzed as described (46) .
